The heat shock proteins DnaK and DnaJ of Escherichia coli participate in phosphorylation of both glutaminyl-tRNA synthetase and threonyl-tRNA synthetase. When cellular proteins extracted from the dnaK7(Ts) and dnaJ259(Ts) mutant cells labeled with 32Pi at 42°C were analyzed by two-dimensional gel electrophoresis, no phosphorylation of these proteins was observed when they were compared with those from wild-type cells.
electrophoresis, no phosphorylation of these proteins was observed when they were compared with those from wild-type cells.
In eucaryotic cells, the functions of certain proteins are regulated by reversible phosphorylation with specific protein kinases (13) . In procaryotic cells, a similar regulation system has been found in Escherichia coli cells infected with bacteriophage T7 (16, 22, 23, 25) . Recently, much evidence for the existence of protein kinases has been obtained with E. coli cells (4, 17) . Especially, regulation of the activity of isocitrate dehydrogenase through phosphorylation has been extensively elucidated (6, 14, 15, 31) .
As described previously, we have found a class of mutant dnaK(Ts), dnaJ(Ts), groES(Ts) [mopB(Ts)], and groEL(Ts) [mopA(Ts)] strains that are defective in the synthesis of both DNA and RNA at nonpermissive temperatures (11, 29, 30) . Inhibition of RNA synthesis in the dnaK(Ts) and dnaJ(Ts) mutants relaxed in the presence of the relAl mutation (28) . Guanosine 5'-diphosphate 3'-diphosphate (ppGpp) accumulated extensively at the nonpermissive temperature in the dnaK(Ts) and dnaJ(Ts) mutants (10) . It was concluded that high-temperature induction of the stringent response occurs in these mutants.
The product of the dnaK gene (DnaK) was recently purified and shown to possess autophosphorylating activity in vitro (33, 34) . DnaK, DnaJ, GroEL, and GroES are heat shock proteins in E. coli (19) .
It seemed of value to examine the functions of products of these genes and to elucidate their physiological roles in vivo. We examined whether the products of the four genes described above are related to the phosphorylation of cellular proteins in vivo. This paper reports results of experiments on the phosphorylating activities of DnaK+ and DnaJ+. We analyzed 32P1-labeled cellular proteins extracted from wildtype cells and from both dnaK(Ts) and dnaJ(Ts) mutants by two-dimensional gel electrophoresis (21) . Autoradiograms of the extracts revealed that DnaK+ and DnaJ+ may participate in phosphorylation of glutaminyl-tRNA synthetase and threonyl-tRNA synthetase.
MATERIALS AND METHODS
Bacterial strains and plasmids. Bacterial strains used are shown in Table 1 . Plasmids pYY105 (32) carrying the gInS gene and pUB4 (27) carrying the thrS gene were kindly supplied by F. Yamao (Nagoya University) and M. Springer (Institute de Biologie Physico-Chimique), respectively. Seven plasmids harboring the appropriate E. coli genes were obtained from the Clarke and Carbon (2) bank. The purified glutaminyl-tRNA synthetase was kindly given by H. Uemura in D. Soil's laboratory (Yale University).
Labeling and preparation of cell lysates for two-dimensional gel electrophoresis. Cells were grown in low-phosphate medium (17) at 30°C, and cell growth was monitored by measuring the turbidity of the culture at 660 nm with a spectrophotometer (Hitachi . Carrier-free 32Pi was added to exponentially growing cultures (optical density at 660 nm = 0.02) at a concentration of 250 ,uCi/ml, and portions of the culture were promptly subjected to a temperature shift (zero time). After 60 min, 1-ml samples were (9) . The proteins used for peptide mapping were purified by two-dimensional gel electrophoresis as described above. After electrophoresis, the gel was stained with Coomassie brilliant blue for 30 min and destained for 60 min. Pieces of gel containing polypeptides of interest were excised and soaked in a solution of 0.125 M Tris hydrochloride (pH 6.8) and 0.1% SDS for 30 min. They were then inserted in slots in a 15% SDS-polyacrylamide gel and overlaid with the same Tris buffer. Spaces around each gel slice were filled with buffer containing 20% glycerol. Finally, the gel pieces in each well were overlaid with 10 p.l of this buffer containing 10% glycerol, 0.001% bromphenol blue, and 250 ng of Staphylococcus aureus V8 protease. Electrophoresis was carried out at 10 mA until the tracking dye traveled about two-thirds of the length of the stacking gel. After that the gel stood for 30 min, and then electrophoresis was resumed at 25 mA for 4 h. Then the gel was fixed in methanol-water-glacial acetic acid (5:5:1, vol/vol), and spots of 35S-labeled polypeptides were located by fluorography.
Identification of phosphorylated amino acids. 32P-labeled proteins were separated by two-dimensional gel electrophoresis as described above, and corresponding pieces of gel containing proteins of interest were excised from the gel. Proteins were extracted by homogenizing the pieces of gel in a solution of 1% SDS and 6 M urea and then heating them at 110°C in 6 N HCl for 3 or 5 h. The acid hydrolysates were analyzed by cellulose thin-layer chromatography. Chromatography was carried out by the ascending method in a mixture of isobutyric acid and 1.5 N NH40H (5:3, vol/vol). Authentic samples of phosphoamino acids, such as phosphoserine, phosphothreonine, and phosphotyrosine, were stained with ninhydrin, and 32P-labeled spots were identified by autoradiography. and then cell lysates were prepared for analysis by twodimensional gel electrophoresis. Figure 1 shows the autoradiograms of the gels. The spots on the autoradiogram are considered to be phosphorylated proteins because they were not digested with a nuclease or removed by treatment with hot trichloroacetic acid, but were digested by pronase treatment.
The gene product of dnaK+ (DnaK+) was also a phosphorylated protein as described by Zylicz et al. (33) . The density of the spot of DnaK+ labeled at 42°C was significantly more than that labeled at 30°C, implying that the DnaK+ is overproduced and well phosphorylated at the higher temperature by a heat shock response (Fig. 1C) .
With respect to the phosphorylating activity of DnaK+, at FIG. 3 . Identification of the phosphorylated amino acids in the proteins of spots 1 and 2. WK715 cells were labeled, and proteins were extracted and subjected to electrophoresis as described in the legend to Fig. 1 . Pieces of gel corresponding to spots 1 and 2 were cut out and extracted, and the proteins were hydrolyzed in 6 N HCI at 110°C. The hydrolysates were then analyzed by cellulose thin-layer chromatography, together with a mixture of phosphoserine (P-Ser), phosphothreonine (P-Thr), and phosphotyrosine (P-Tyr) as standards. least five spots were identified, as shown by the arrows in Fig. 1A and B, i.e., spots 1, 1', 1", and 2 at the top left and spot 3 at the bottom right of the map. These 32P-labeled spots were detected in lysates of wild-type (WK715) cells grown at 30 and 42°C (Fig. IA and C) , whereas in lysates of WK720 cells they were weakly labeled at 30°C and were absent at 42°C (Fig. 1B and D) . These findings imply that DnaK+ is responsible for the phosphorylation of these five spots (proteins) in vivo.
The production of these proteins at 42°C was examined by measuring ['4C]leucine incorporation. Using the radioactivity in protein B50.3 as a standard, we calculated the ratio of the radioactivity in each spot from WK720 to that in the corresponding spot from WK715. The ratios were 1.17, 0.56, and 0.45 for spots 1, 2, and 3, respectively. The absence of these phosphorylated proteins in WK720 at the nonpermissive temperature was not due to the inability of this strain to synthesize these proteins but to the absence of phosphorylation resulting from the dnaK(Ts) mutation in WK720.
Three findings confirmed that the absence of phosphorylating activity in the dnaK(Ts) mutant was directly related to the dnaK(Ts) mutation. First, when strain WK720 was lysogenized with a transducing bacteriophage X carrying the dnaK' gene, the lysogens [WK720(X dnaK+)] restored the phosphorylating activity for these five proteins at 42°C (Fig. 2B) . Second, the absence of phosphorylation of these proteins was also observed in a strain, RB851 (dnaK7), that has a genetically different background from strain WK720 but has the dnaK7 mutation. Third, strain K7561 [dnaK756(Ts)] isolated by Georgopoulos and Herskowitz (7) was also unable to phosphorylate these five proteins at the nonpermissive temperature (Fig. 2F) .
Identification of phosphorylated amino acid residues of proteins in spots 1 and 2. To determine the phosphorylated amino acids in the proteins in spots 1 and 2, we prepared acid hydrolysates of the 32P-labeled proteins of spots 1 and 2. Figure 3 shows the autoradiograms obtained from the chromatograms. The autoradiograms indicated that the phosphoamino acid residue is threonine in both samples because the 32P-labeled amino acid of both proteins migrated with phosphothreonine used as a marker.
Identification of protein in spot 1. Seven proteins in the gene-protein index reported by Neidhardt et al. (20) were considered as candidates for the protein in spot 1, based on their mobilities on two-dimensional gel electrophoresis. Using plasmids, including pBR322 carrying a ginS gene (pYY105) and a thrS gene (pUB4) of E. coli, we prepared [35S]methionine-labeled proteins from the minicells and examined them by two-dimensional gel electrophoresis. A glutaminyl-tRNA synthetase encoded by the ginS gene migrated as three spots (Fig. 4D) . When a purified preparation of this synthetase was analyzed electrophoretically, a similar result was obtained (Fig. 5) . In addition, peptide-mapping analysis of these three proteins eluted from the gel (Fig. 4D ) revealed that they were the same protein species (Fig. 6 ). These findings imply that this synthetase usually produces multiform proteins in vivo. Since the phosphorylated protein in spot 1 comigrated with one of the three 35S-labeled proteins (Fig. 4F) , we concluded that spot 1 corresponds to the glutaminyl-tRNA synthetase and is one of the target proteins of phosphorylation by DnaK+.
Identification of protein in spot 2. Similar experiments were carried out to identify the protein in spot 2, using plasmid pUB4 carrying the thrS gene. The protein in spot 2 comi- (Fig. 1) is indicated by an arrow. grated with the threonyl-tRNA synthetase encoded by the thrS gene (Fig. 7) .
Effect of temperature shift-up on protein phosphorylation in the dnaK relA double mutant. Fig. 4) and two other more basic spots adjacent to spot 1 (spots 1' and 1', right to left) were cut out from the gel as shown in Fig. 4D . The pieces were soaked in a solution of 0.125 M Tris hydrochloride (pH 6.8) and 0.1% SDS for 30 min, and then the proteins were each analyzed by peptide mapping with S. aureus V8 protease and subjected to fluorography. The gel was exposed to X-ray film for 3 weeks at -80°C. (A) Spot 1"'; (B) spot 1'; (C) spot 1. we examined the phosphorylation of these proteins at 42°C in strains of the WK set including WK45 (dnaK7 relA+) and WK720 (dnaK relAI). Figure 8B and D shows the autoradiograms of 32P-labeled proteins of these strains. No phosphorylation of the proteins in spots 1 and 2 was observed in either strain WK45 or WK720, regardless of presence or absence of ppGpp. These results indicated that the absence of phosphorylation of the proteins in spots 1 and 2 was not due to ppGpp accumulation but to the dnaK(Ts) mutations.
Assay of phosphorylating activities in dnaJ(Ts) and groE(Ts) mutants. As mentioned above, the dnaJ(Ts) and groE(Ts) mutants showed thermosensitive syntheses of both DNA and RNA, as seen in dnaK(Ts) mutants.
To determine whether the gene products of dnaJ(Ts), groES(Ts), and groEL(Ts) have phosphorylating activity, we prepared 32P-labeled cell lysates at the nonpermissive temperature and analyzed them by two-dimensional gel electrophoresis. Figure 9B shows autoradiograms of the gels. No phosphorylation of the proteins in spot 1 (glutaminyl-tRNA synthetase) or spot 2 (threonyl-tRNA synthetase) was detected in the sample derived from the dnaJ(Ts) mutant, but it was detected in those from both the groEL(Ts) and groES(Ts) mutants. Therefore, DnaJ+ also participates in the phosphorylations of the proteins in spots 1 and 2 (like DnaK+), whereas GroEL+ and GroES' do not. Phosphorylation of the protein in spot 3 by DnaJ+ could not be demonstrated in the present study with 32Pi even in dnaJ+ cells (Fig. 9A) .
DISCUSSION
In general, the phosphorylation of certain proteins is thought to play an important physiological role in regulation in eucaryotes. Recently, it has been reported that in procaryotes also some well-characterized proteins are phosphorylated in vivo and in vitro, e.g., isocitrate dehydrogenase (6, 14, 15, 31) and RNA polymerase (4) . In addition, glutaminyl-tRNA synthetase and threonyl-tRNA synthetase are phosphorylated as shown in the present study. Moreover, threonyl-tRNA synthetase in Chinese hamster ovary cells is also phosphorylated (8) . These findings imply that in both procaryotes and eucaryotes the activities of some tRNA synthetases are modulated by phosphorylation. To determine which of these possibilities is more likely, it is necessary to construct an in vitro assay system with purified DnaK+ and the target proteins to be phosphorylated. However, it is quite likely that DnaK+ acts directly as a protein kinase, since the threonine residue was phosphorylated in the autophosphorylated DnaK+ protein (33, 34) and both the phosphorylated glutaminyl-tRNA synthetase and threonyl-tRNA synthetase ( Fig. 3 and 7) .
The (Fig. 9A) .
It would be very interesting to know the relationship between the marked accumulation of ppGpp (10) and the absence of phosphorylating activity in dnaK(Ts) mutant cells at the nonpermissive temperature. One possible explanation is that phosphorylation of certain protein species is inhibited by alteration of kinase activity by accumulated ppGpp, as described by Gallant (5 phosphorylating activity was not restored even under the relaxed conditions in which no accumulation of ppGpp occurred in the presence of an additional relAl mutation (Fig. 8) .
On the basis of our present findings, we propose the following scheme for accumulation of ppGpp in both the dnaK(Ts) and dnaJ(Ts) mutants at the nonpermissive temperature. The absence of phosphorylation of glutaminyltRNA synthetase and threonyl-tRNA synthetase with altered DnaK(Ts) or DnaJ(Ts) may lead to the production of both uncharged tRNAGln and uncharged tRNAThr species that probably act as triggers for activating the stringent response system, as described by Neidhardt (18) . To confirm this possibility, it is necessary to demonstrate three things: actual phosphorylation of the purified glutaminyl-tRNA synthetase and threonyl-tRNA synthetase by DnaK+ or DnaJ+ in vitro, activation of the enzymes through their phosphorylations in vitro, and accumulation of uncharged tRNAGin and uncharged tRNAThr in both dnaK(Ts) and dnaJ(Ts) mutants at the nonpermissive temperature in vivo.
It is important to determine the function(s) of one other protein that is phosphorylated by DnaK+ and identify the corresponding genes. This protein may participate in DNA synthesis through phosphorylation by DnaK+.
GroES+ and GroEL+ proteins may participate in cellular DNA and RNA syntheses in different ways from DnaK+ and DnaJ+, since neither accumulation of ppGpp nor inhibition of phosphorylation of the proteins in spots 1, 2, and 3 occurred in groE(Ts) mutants. As described in a separate paper (manuscript in preparation), we report the possible functions of GroEL and GroES based on the isolation and analysis of temperature-resistant suppressor mutants.
